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ABSTRACT
A ﬁeld experiment using an artiﬁcial step-pool system was conducted to restore the Diaoga River, a seriously incised mountain stream in Yunnan-
Guizhou Plateau, southwest China. Twenty-four artiﬁcial steps, designed to mimic natural step forms, were constructed on three stretches of about
260 m length in the middle reach of the river. Channel topography, hydraulic features, aquatic habitats and stream ecology were monitored for 20
months. Following the construction of the artiﬁcial step-pool system, the stream bed development coefﬁcient increased signiﬁcantly. This indicates
that actions helped to dissipate ﬂow energy more effectively, enhancing the stability of the stream bed. The step-pools have effectively controlled
the incision and stabilized the river morphology. In addition, they have created multiple habitats for different species and increased the habitat diversity.
Improvement of the aquatic ecosystem is conﬁrmed by increased density and taxa richness of benthic macro-invertebrates, which are used as an indi-
cator species to evaluate stream ecology.
Keywords: Artiﬁcial step-pool system, benthic invertebrates, ﬂuvial morphology, incised mountain stream, restoration
1 Introduction
Many of the countless mountain streams in China are continu-
ously incising. Bed incision extends upstream through headward
erosion, increasing bed slope, destabilizing bank slopes and
increasing erosion across the whole basin. Bed incision may
have extensive negative impacts on local infrastructure and
environment, such as undermining of bridge piers, scouring
roads adjacent to the river and potentially damaging riparian
vegetation, which in turn induces further scour and incision in
the watershed. In highly incised watersheds, disasters such as
toppling, landslide and debris ﬂow activity are often triggered
by rainstorms or earthquakes, causing critical damage.
Therefore, it is essential to control stream incision to prevent
or mitigate its effects.
The Qinghai-Tibet Plateau has been rising for 3.4 million
years and the rising rate seems increasing since late Cenozoic
(Zhong and Ding 1996). Uplift of this plateau accelerates
ﬂuvial incision and rates of mass movement at its margin and
increases the sediment transport by rivers. The Yunnan-
Guizhou Plateau in southwest China is on the southeast margin
of the Qinghai-Tibet plateau. Almost all rivers in the area are
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incised. Many reaches receive large amounts of sediment from
tributaries due to landslides and debris ﬂows. Unstable bed
conditions affect the aquatic habitat and depress the stream
ecosystem (Duan et al. 2007).
Ecologically sound mountain streams often develop stream
bed structures that resist channel incision. In high-gradient
small mountain streams, step-pool systems are the most
common bed structure (Chin 2002). Step-pool systems are a
geomorphologic conﬁguration in high-gradient mountain
streams (.3–5%). Alternating steps and pools have a stair-like
appearance (Chin 1989, Grant et al. 1990). Step-pool systems
have been reported from a wide range of humid and arid environ-
ments, and analogous forms have even been observed in supra-
glacial streams (Knighton 1984). Although steps composed of
boulders are the most common type, they can also form in
bedrock (Wohl and Grodek 1994) and through accumulation of
large woody debris in heavily forested catchments (Keller and
Swanson 1979). The form and distribution of step-pools reﬂect
the inﬂuences of lithology, hydraulic regime, slope and sediment
supply (Montgomery and Bufﬁngton 1997, Chin andWohl 2005,
Chin and Phillips 2007, Weichert et al. 2008).
Geometric variables, such as step height Hs, wavelength or
length L and channel bed slope So of step-pools have been
used to correlate the relationship between step-pool geometry
and channel slope (e.g. Chin 1999, 2003, Chartrand and
Whiting 2000, Zimmermann and Church 2001, Comiti et al.
2005, Church and Zimmermann 2007, Curran 2007). The ratio
of step height to length is proportional to the average slope
(Whittaker 1987, Abrahams et al. 1995, Rosport 1997). Stan-
dardization of geomorphic measurement is of great importance
in quantifying these relationships (Nickolotsky and Pavlowsky
2007).
The morphology of step-pool systems is effective in dissipat-
ing energy and stabilizing riverbeds (Abrahams et al. 1995, Chin
2003, Wilcox et al. 2006). This is achieved by increasing ﬂow
resistance (Ergenzinger 1992, Millar 1999, Aberle and Smart
2003, Wang et al. 2004). In some instances, step-pool systems
comprise more than 90% of the resistance, with grain resistance
and channel form drag making up less than 10% of the total
resistance (Curran andWohl 2003). Themost effective consump-
tion of stream energy is related to wake turbulence and form
drag, and turbulent ﬂow downstream of steps meets this con-
dition effectively (Wohl and Thompson 2000, Wilcox and
Wohl 2007). Step-pool systems not only affect ﬂow resistance,
they also affect sediment transport (Marston 1982, Whittaker
1987, Rosport and Dittrich 1995, Lenzi 2004, Lamarre and
Roy 2008). However, the energy dissipation role can be impaired
if pools become ﬁlled with sediment (Whittaker and Jaeggi
1982). Many researchers have proposed a negative relationship
between the Darcy–Weisbach resistance coefﬁcient f and Rh/
D84 (Maxwell and Papanicolau 2001, Lee and Ferguson 2002,
Comiti et al. 2007, 2009a).
A step-pool system is an ecologically sound riverbed pattern
in mountain streams. Some studies have found that the density
and the number of species of macro-invertebrates are much
higher in streams with step-pool systems than for equivalent gra-
dients without step-pools (Cereghino et al. 2001, Wang et al.
2009).
Step-pool systems may become an important strategy for
mountain river training and ecological restoration. In Lake
Oswego, Oregon, a restoration project placed nine log weirs
in a 42 m reach to create a stable step-pool morphology
(Morris and Moses 1998). The weirs account for 50% of
the elevation drop and dissipate energy in over-steepened
slopes (Chin and Wohl 2005). A restoration project in Kleinsch-
midt Creek, Montana, USA, placed steps to restore the aquatic
habitat of trout and salmon (http://fwp.mt.gov/habitat/
futureﬁsheries). In central Taiwan, huge stones up to 2 m in
diameter were transported to Dajia River to form steps near
the Beifeng Bridge to prevent bridge scour. Artiﬁcial steps
were also placed in Cheonggyecheon Creek, Seoul, South
Korea and Baxter Creek, northern California, USA, for stream
restoration (Purcell et al. 2002).
Recent research has examined the design criteria, stability and
effects of step-pool system (e.g. Lenzi 2002, Lenzi and Comiti
2003, Todd and Mike 2003, Weichert 2005, Weichert et al.
2009). Field experiments found that morphological alterations,
even if slight, may affect biological diversity and the presence
of some speciﬁc taxa (Bona et al. 2008). Roni et al. (2006)
indicate that the placement of boulder structures is a useful
ﬁrst step in attempting to restore bedrock and incised stream
channels. Hence, artiﬁcial steps seem to provide a good
trade-off between the need to limit channel incision whilst main-
taining the functionality of aquatic ecosystems (Comiti et al.
2009b).
Despite this progress, a comprehensive appraisal of the effec-
tiveness of artiﬁcial step-pool systems on the restoration of
incised streams is not available, and further studies are needed
on this aspect. This research describes results from a 20-month
ﬁeld experiment conducted in Diaoga River on the Yunnan-
Guizhou Plateau, southwest China, to address two problems:
(1) increase of ﬂow resistance and control channel incision to
maintain of stream and bank slope stability, (2) create a stable
and diversiﬁed stream habitat to restore stream ecology.
2 Study area and methods
2.1 Study area
The Diaoga River is a tributary of Xiaojiang River, which is an
upstream tributary of the Yangtze River (Fig. 1). It originates
from Huangcaoling Mountain (elevation 2708 m a.s.l.),
Yunnan-Guizhou Plateau in southwest China, prior to joining
the Xiaojiang River (elevation 1490 m a.s.l.). The average gradi-
ent of the river bed is about 9.6%. This small mountain stream
has a main channel length of 12 km and a drainage area of
about 54 km2. The basin lithology is generally comprised of
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shales, siltstones and sandstones and the dominant plants
includes eucalyptus, pine tree, sisal, chestnut and walnut tree.
The Diaoga River is seriously incised because of the high bed
gradients. Bed incision has caused serious bank, slope and rill
erosion and induces landslide, hyper-concentrated ﬂow and
debris ﬂow events. The stream ecosystem impaired as aquatic
habitat is often destroyed by incision-induced hazards.
The environment of the mountain stream has gradually
degraded in recent decades. The average annual sediment yield
is around 3000 t/km2/year (Lv 2000). The annual average
precipitation in the region is about 1000 mm. Most of this
falls as rain during the ﬂood season mainly between July and
August. Localized thunderstorms with precipitation intensities
greater than 35–55 mm/day are common in summer. Sediment
transportation in the stream is intensive because incision-induced
landslides and debris ﬂows carry lots of sediment into the river.
Human activities also increase soil erosion to some extent.
In most river sections, there are no step-pools because intensive
bed load transport prohibits the development of a step-pool
system. The relatively uniform and homogenous stream
habitat and bed instability provide poor habitat for benthic
bio-communities and the stream has quite low biodiversity.
2.2 Methods
The study reach is located within the mid-reach of the basin,
controlling a drainage area of about 18 km2. The stretch sections
of about 260 m were chosen for ﬁeld experiment (Fig. 1) and 24
artiﬁcial steps were placed. The construction of artiﬁcial steps is
based on results of ﬁeld investigations and ﬂume experiments on
step-pool system (e.g. Whittaker 1987, Grant et al. 1990, Abra-
hams et al. 1995, Rosport 1997, Chin 1999). The artiﬁcial steps
mimic the structure conﬁguration and planform feature of natural
steps developed in ecologically sound mountain streams. The
distance between these steps is about 5–12 m and the height
of each is about 1 m, which were roughly determined according
to (Abrahams et al. 1995)
Hs
L
= 1.5So, (1)
where Hs is the step height (m), L the distance between steps (m)
and So the gradient of stream bed. Large stones of diameter
ranges from 0.2 to 1 m or even larger moved from the stream
bed or bank slope were laid overlapping with each other to act
as a framework tightly interlocking the step structure with con-
siderable stability (Figs 2 and 3).
The topography of the stream bed (the longitudinal proﬁle and
cross-sections) and aquatic habitat environment (water surface
area, substrate, ﬂow velocity and water depth) were monitored
before and after the construction of the artiﬁcial step-pool
system. In total, 46 cross-sections were placed upstream of
steps, downstream of steps in the pools and in the backwater
zones, enabling the monitoring of siltation or erosion in the
test reach. The cross-sections and longitudinal proﬁle were sur-
veyed by electrical theodolite. Figure 4 shows the monitoring
reach in which 12 artiﬁcial steps are located.
Gorman and Karr (1978) differentiate the physical conditions
of stream habitat into three primary components: substrate, ﬂow
depth and ﬂow velocity. Different physical conditions support
different bio-communities and diversiﬁed physical conditions
may support diversiﬁed bio-communities. Wang et al. (2008,
2009) proposed a habitat diversity index HD to capture this
Figure 1 Location of Diaoga River within Yangtze River basin
Figure 2 Large stones overlapping with each other form tight inter-
locking steps along the bed
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diversity as
HD = NhNv
∑
i
ai, (2)
where Nh and Nv the numbers for ﬂow depth diversity and vel-
ocity diversity, and a ¼ substrate diversity coefﬁcient, which
varies for different substrates. The detailed deﬁnition and deter-
mination of Nh, Nv and a are given by Wang et al. (2009). Sub-
strate was sampled or measured by visual inspection to estimate
the percentage of boulders, cobbles, gravel, sand, silt, clay and
organic debris and determine the index of substrate diversity.
Surface ﬂow velocities for the main ﬂow, near bank or backwater
ﬂow areas of a selected benthic invertebrate sampling area were
measured by timing the passage of polyfoam balls through a
0.5 m pipe for normal ﬂow or 1 m in length for high ﬂow dis-
charge. At the same time, the area percentage for ﬂow velocity
between critical values (v , 0.3, 0.3 , v , 1.0 or v . 1.0 m/
s) was estimated and the index of velocity diversity Nv deter-
mined. Flow depth was measured using a wading rod for the
selected ﬂow area, the area percentage for ﬂow depth between
critical values (h , 0.1, 0.1 , h , 0.5 or h . 0.5 m) was esti-
mated and Nv determined. The cross-sectional width and length
between cross-sections of ﬂow were also measured, and the
water surface area was obtained by calculating the trapezoid area.
Benthic macro-invertebrates are commonly used as an indi-
cator species to evaluate stream ecology (Smith et al. 1999,
Karr 1999). At each site, more than three samples were taken
each with an area larger than 0.4 m2 at places with different sub-
strates, shallow and deep waters and/or high and low velocities.
The samples were then combined to form a summary of the site.
For the streams with low population density, the total sampling
area was larger than 10 m2. Both kicknet and Surber samplers
were used. The species of benthic invertebrates from the
samples were identiﬁed to species level under 90–400 times
microscope in most instances.
Figure 3 Photographs showing experimental reach of (a and b) pre and (c and d) post step pool system
Figure 4 Sketch of experimental reach and location of cross-sections
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The composition and biodiversity of macro-invertebrates
collected in each substrate were evaluated using four biological
indices: (1) taxa richness S, number of taxa in samples, (2)
density, total number of benthic organisms per unit area,
(3) modiﬁed Shannon–Wiener diversity index B =
−In N∑si=1 niN In(niN) (Wang et al. 2009), reﬂecting taxa richness
and evenness of number distribution of species, providing infor-
mation about the total abundance of the bio-community, where S
is the number of species (richness),N the total number of individ-
ual animal of invertebrates and ni the number of individual
animal of ith species (Krebs 1978), (4) Simpson’s index
(Simpson 1949) SD = 1−
∑s
i=1(ni/N )2, capturing the variance
of species abundance distribution (Magurran 2004).
Velocity proﬁles in the pool sections of Diaoga River were
measured using a current meter. Because roller eddies occur
immediately downstream of the step and it is difﬁcult to
measure the velocity in these areas, the pool velocity proﬁles
were measured 1.5 m from the steps. To represent bed roughness
of a step-pool system, parameter SP describing its development
degree is introduced. As shown in Fig. 2, this parameter is
deﬁned as the ratio of curve length ABCDEFG to the length of
straight line AG minus one. The SP value was measured with a
specially designed instrument. Thirty measuring rods spaced
5 cm apart were placed on a 150 cm long horizontal aluminum
steel frame. The upper rod ends describe the bed proﬁle in
front of a screen. The thalweg is measured by moving the
frame along the stream and taking a picture of the screen every
time the frame is moved. The SP value is then calculated by
Sp =
∑m
i=1
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
(Ri+1 − Ri)2 + 52
√
NameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMeNameMe
[5(m− 1)]2 + (Rm − R1)2
√ − 1 (3)
in which Ri is the reading of upper end of measuring rods on the
screen (in cm) and m the total number of readings.
3 Results
3.1 Longitudinal proﬁle and cross-section
Estimation with measurements of scoured depths at bridges,
which were constructed on Diaoga River in the 1960s and
1970s, indicated that the stream bed has been continually
incised at an average rate of about 5 cm/year over the past
four decades. Incision and scouring have been especially pro-
nounced in some sections, not only inducing bank failure, land-
slides and debris ﬂow disasters, but also causing damage to local
infrastructure and aquatic ecosystems. Longitudinal proﬁle vari-
ation of the experimental reach indicates that stream bed incision
was effectively controlled by the artiﬁcial step-pools (Fig. 5).
Sediment silted up some parts of the reach during the ﬁrst 3
months after the placement of artiﬁcial step-pools. At the
initial stage the stream bed ascended about 20 cm. In general,
the most intense aggradation occurred upstream of steps,
where the depth of siltation was 20–50 cm. This was mainly
affected by the elevation difference between the stream bed
and the crest of the step lip. Subsequently, the stream bed gradu-
ally became stable. As a comparison, the reach downstream of
the test reach has continued to incise (Figs 5b–e).
Figure 6 shows the elevation variation of a typical cross-
section in the test reach before and after the implementation of
the artiﬁcial step-pool system. The cross-section was incised
for about 0.7 m only from June 2003 to June 2006 and threatened
the road bed of the newly builtKunming-Dongchuan highway on
the right channel bank. After placement of the artiﬁcial step-
pools, incision was effectively controlled and sediment silted
Figure 6 Elevation variation of a cross-section in test reach. There was
a rapid initial phase of aggradation, followed by relative bed stability
Figure 5 Comparison of longitudinal proﬁles in different test periods
in 2006 (a–d) and 2007 (e). Streambed incision was effectively con-
trolled while the reach downstream of test reach has continued to incise
182 G.-A Yu et al. Journal of Hydraulic Research Vol. 48, No. 2 (2010)
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up some parts of the reach after placement of the step-pool
system. Subsequently, the stream bed gradually became stable,
while the reach downstream of the test reach has continued to
incise. Figure 7 shows the elevation variation of a cross-
section located downstream of the test reach. The section line
is scoured and incised without interruption because this area is
located beyond the artiﬁcial step-pool system.
3.2 Flow resistance condition
The resistance caused by step-pool systems makes up the main
ﬂow resistance. Manning’s roughness coefﬁcient n is a function
of the development degree of stream bed structure SP, generally
increases with SP (Wang et al. 2009). Herein, SP increased from
0.13 for the natural channel to 0.21 after implementation of
artiﬁcial steps (Fig. 8). This increase in SP indicates more effec-
tive dissipation of ﬂow energy, thereby reducing bed-load trans-
port and protecting the bed from erosion.
Flow velocity proﬁles downstream of steps in the Diaoga
River are characterized by strong wake turbulence in the pools
(Fig. 9c). This is an effective way to dissipate ﬂow energy and
thus control channel erosion (Wohl and Thompson 2000,
Wilcox and Wohl 2007).
Three debris ﬂows transporting signiﬁcant volumes of sedi-
ment occurred in the upstream branch ravines of the Diaoga
River watershed during the study period. They slowed down
when passing through the test reach due to the high hydraulic
resistance imposed by the artiﬁcial step-pool system and
hazards were mitigated. The artiﬁcial steps effectively main-
tained channel stability.
3.3 Aquatic habitats and macro-invertebrate diversity
An artiﬁcial step-pool system creates stable aquatic habitats by
preventing incision and stabilizing the stream bed. Aquatic habi-
tats become spatially diversiﬁed, and the habitat diversity index
HD (Table 1) distinctly increased due to three primary aspects: (1)
water surface area is increased relative to the natural channel,
enlarging the area of aquatic habitat area; (2) stream bed substrate
became diversiﬁed. Besides boulders, cobbles and gravels in
natural condition, other substrates, such as silt, mud layer and
even organic debris and water moss also appeared on the bed
and (3) the range of ﬂow velocity expanded. Before the place-
ment of the artiﬁcial step-pool system, the ﬂow velocity of the
test stream reach was relatively uniform, typically from 0.4 to
1.0 m/s. After placement of the artiﬁcial step-pool system,
ﬂow velocities differed much more in the various zones.
Surface ﬂow velocity is low (0–0.2 m/s) in the sluggish water
zone upstream of steps. Near the step crest, velocity rises
quickly to 0.5–1.5 m/s or even higher. Flow velocity in pools
ﬂuctuates widely, as the water body entrains air bubbles,
thereby increasing the concentration of dissolved oxygen.
Taxa richness S increased from 17 under natural conditions to
22 with the artiﬁcial step-pool sequence. Density increased from
Figure 8 Comparison of SP before and after implementation of artiﬁ-
cial step-pool system. The stream bed with artiﬁcial step-pools is in
greater heterogeneity and more effective in terms of ﬂow energy
dissipation.
Figure 9 Velocity proﬁles measured in Diaoga River: (a) proﬁle above step and in backwater zone, where the ﬂow depth is 0.22 m; (b) proﬁle at step-
lip, where step is 0.8 m high and ﬂow depth is only 0.08 m; (c) proﬁle 0.5 m downstream of step in a pool where the ﬂow depth is 0.3 m, ﬂow is highly
turbulent
Figure 7 Elevation variation of a cross-section downstream test reach.
The section is incised without interruption since the area is located
beyond artiﬁcial step-pool system
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61.5 to over 5217 only 9 months later, and the Shannon–Wiener
index B also rose. Simpson’s index SD decreased, indicating that
although taxa richness increased, several species, such as Baeti-
dae, Simuliidae, Heptageniidae, Iron sp. and Chironomidae,
dominated the species abundance distribution (Table 1). This is
considered to reﬂect habitat conditions, such as water quality,
sediment concentration, and nutrient.
Under natural conditions and before the placement of the arti-
ﬁcial step-pool system, the main species of benthic invertebrates
sampled in Diaoga River were Hydropsychidae, Baetidae and
Haliplidae. After the artiﬁcial step-pool system was introduced,
the dominant species were Baetidae, Simuliidae and Hydropsy-
chidae. Some species, such as Caenis, Perlidae and Limnephili-
dae, which were not found in the stream previously, have been
attracted to colonize the habitat. Baetidae species feed mostly
by scraping algae and ﬁne particulate detritus from solid surfaces
(Gui 1994). Simuliidae often develop in running-water habitat
and play an important role in the diets of other aquatic organisms,
such as ﬁsh (Peter and Wang 1994). Hydropsychidae feeds by
collecting organic detritus from running water (Glenn 1994).
The change of taxa richness and density of the dominant
benthic invertebrates sampled in the test reach indicates that
the aquatic habitat environment is more favourable to invert-
ebrate development. Hence, the aquatic ecosystem of the exper-
imental reach has been improved.
As the incoming sediment transported from upstream during
the ﬂood season is usually intensive, silt may accumulate
upstream of steps and in the pools, partially destroying habitat
and reducing habitat diversity. However, the habitat and
aquatic biodiversity recovered after the ﬂood season. The artiﬁ-
cial step-pool system helps to form backwater zones along the
channel, with ﬁne sediment, including silt-clay in this area.
This creates a beneﬁcial environment for the development of
riparian vegetation and aquatic grass (Fig. 10).
4 Discussion
The surge of interest in mountain streams in recent decades
reﬂects the increasing land-use pressure places upon these
regions, such as road construction, mining, hydro-power devel-
opment and hillslope reclamation. Because mountain catchments
are often composed of step-pool reaches, knowledge of forma-
tive processes is required to stabilize channel morphology and
control sediment yields, ensure downstream water supplies and
protect aquatic habitat (Chin and Wohl 2005). Implementation
of an artiﬁcial step-pool system in the Diaoga River reported
herein is one of the ﬁrst attempts to document the efforts to stabil-
ize river morphology and improve aquatic ecology for this
stream type in China.
Table 1 Biodiversity, biocommunity index and habitat diversity before and after placement of artiﬁcial step-pool system
Sampling date HD S Density (ind/m
2) B SD Dominant species (density of individual invertebrate)
Natural channel 13 June 2006 12 17 61.5 9.5 0.86 Hydropsychidae (17), Baetidae (9), Haliplidae, Haliplus sp. (7)
With artiﬁcial
step-pool system
28 June 2006 22 37 881.5 11.3 0.65 Baetidae (492), Simuliidae (150), Tipulidae, Antocha (65)
11 September 2006 12 28 612.8 10.8 0.68 Baetidae, Baetis (330), Baetidae, Baetiella sp. (70),
Chironomidae sp. 1 (57), Chironomidae sp. 2 (48)
12 November 2006 30 35 1087.5 11.7 0.41 Baetidae, Baetis (445), Baetidae, Baetiella sp. (257),
Heptageniidae, Iron sp. (139), Hydropsychidae,
Ceratopsyche sp. (66)
11 March 2007 42 22 5217 10.4 0.53 Baetidae, Baetis (3280), Chironomidae sp. 1 (1394),
Chironomidae sp. 2 (186), Chironomidae sp. 3 (124),
Baetidae, Baetiella sp. (78), Grouvellinus sp. (39)
Figure 10 Vegetation development in test reach: (a) June 2006, (b)
June 2007
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Rapid rates of tectonic uplift and earthquake events have
induced high incision rates and dramatic morphological adjust-
ments along Diaoga River. Stream bed incision has caused land-
slides, debris ﬂows and high sediment loads. The same story is
evident across much of southwest China, as uplift of the
Qinghai-Tibet Plateau enhances stream bed gradients. Recent
land-use changes in the region have accentuated natural rates
of disturbance and sediment supply, creating relatively hom-
ogenous channel beds. River training is particularly difﬁcult in
these highly sediment-charged environments relative to more
stable conditions for mountain streams in, say, the USA and
Europe. Minimizing bed instability through the application of
step-pool systems is the key effective management of these
rivers, and equivalent applications are already under way to
control debris ﬂows and stabilize huge landslide bodies in
Gansu and Sichuan Provinces using knowledge from the
Diaoga River experiment.
Experiences gained from the restoration experiment in the
Diaoga River attest the effectiveness of scientiﬁc understanding
that can be applied in the design, implementation and monitoring
of artiﬁcial step-pool systems. The following factors emerged as
key considerations in the design and implementation of an artiﬁ-
cial step-pool system: (1) ensure that due regard is given to the
proper scale, conﬁguration and stability of step structures
(spacing or height), (2) check availability of key stones
(boulders), (3) apply consistent monitoring and measurement
procedures to appraise effects on physical process-form adjust-
ments and ecological relationships, (4) consider the uniqueness
of each step in determining desired ﬂows over them, (5) recog-
nize the importance of aesthetic considerations in the design of
step-pool structures. Findings from this study show that rela-
tively predictable sequences of adjustment followed rapidly
after the placement of step-pool sequences along the Diaoga
River. The highly sediment-charged conditions aided rapid tran-
sition in ﬂux, with accumulation of material within the ﬁrst three
months of implementation, followed by 12 months of sustained
ﬂux with a relatively stable bed (the desired outcome). Critically,
the enhanced diversity in the physical bed structure has been
maintained over this period. Longer-term monitoring is required
to ensure that these beneﬁts are sustained into the future.
Re-creation of step-pool sequences along theDiaogaRiver rep-
resents a return towards a more “natural” condition for this stream
that previously had a relatively heterogeneous physical structure
now transformed to more homogenous conditions in response to
accelerated rates of sediment ﬂux induced by incision and land-
use changes (Fryirs andBrierley 2009). Alterations to the physical
structure of the river modiﬁed process-forms relationships and
associated sedimentation patterns, enhancing retention of pools
along the study reach. Enhancement of physical conditions is a
critical step in improving ecological relationships along the river
(Brierley and Fryirs 2008). Creation of step-pool sequences
resulted in greater heterogeneity in the physical river structure,
thereby providing multiple habitat for different species. This, in
turn, resulted in obvious ecological improvements. Aquatic
biodiversity has increased, with more species of benthic macro-
invertebrates observed following construction of step-pools.
Nevertheless, the results presented here are from only 2 years,
monitoring, and longer-term sampling is necessary to ensure
that these improvements are sustained. Sediment ﬂux and future
adjustments of the stream bed may eventually offset the effect of
step-pools on habitat diversity. Much will depend upon the
future history of disturbance events and sediment inputs from
landslides and debris ﬂows. Management and retraining of artiﬁ-
cial step-pools may be required to sustain high habitat diversity.
Finally, it is important to highlight the importance of system-
speciﬁc knowledge in planning artiﬁcial step-pool sequences,
ensuring that design and implementation criteria are appropriate
for the “natural” conditions of any given stream (Hilderbrand
et al. 2005). Having said this, ﬁndings from this study indicate
that available research provides good guidance for successful
restoration of these dynamic mountain rivers.
5 Conclusions
A ﬁeld experiment using artiﬁcial step-pool system was carried
out during the restoration of the Diaoga River, an incised moun-
tain stream in southwest China. The artiﬁcial step-pools
increased the development degree of bed structure, representing
the overall resistance and stability of the mountain stream. This
new structure effectively dissipates ﬂow energy, thereby protect-
ing the stream bed from erosion. Rapid bed incision has been
stopped and the river bed has become stable. Resulting patterns
of bed material substrate, ﬂow velocity and ﬂow depth, with
alternating sequences upstream of steps and in pools, have diver-
siﬁed stream habitats. As a consequence, taxa richness and the
density of individual benthic invertebrates have increased evi-
dently. Artiﬁcial step-pool systems provide an effective mechan-
ism to stabilize incised streams, creating an appropriate
environment for proliferation of new and diversiﬁed species.
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Notation
B ¼ modiﬁed Shannon–Wiener diversity index
D84 ¼ size of sediment for which 84% of grain is ﬁner
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f ¼ Darcy–Weisbach resistance coefﬁcient
h ¼ ﬂow depth
HD ¼ habitat diversity index
Hs ¼ step height
L ¼ wavelength or length of steps
m ¼ total number of readings
N ¼ total number of individual animal of invertebrates
ni ¼ number of individual animals of ith species
Nh ¼ number for ﬂow depth diversity
Nv ¼ number for ﬂow velocity diversity
Rh ¼ hydraulic radius
Ri ¼ upper end reading of measuring rods on screen
S ¼ taxa richness, number of taxa in samples
SD ¼ Simpson’s index
So ¼ gradient of stream bed
SP ¼ stream bed development coefﬁcient
v ¼ ﬂow velocity
a ¼ substrate diversity coefﬁcient
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